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Biomass refers to plant-based materials that are
not used for food or feed. As an energy source,
lignocellulosic biomass (lignin, cellulose and
hemicellulose) can be converted into various forms
of biofuel using thermal, chemical and biochemical
methods. Chemical conversion implies the use
of solid catalysts, usually oxide materials. In this
context, reducible oxides are considered to be more
active than non-reducible oxides. But why? Using
density functional theory DFT + U calculations with
the inclusion of dispersion forces, we describe the
properties of anatase TiO,, a reducible oxide, and
tetragonal ZrO,, a non-reducible oxide, the (101)
surfaces in this context. In particular, we focus on the
role of surface reduction, either by direct creation of
oxygen vacancies via Oy desorption, or by treatment
in hydrogen. We show that the presence of reduced
centres on the surface of titania or zirconia (either Ti®*+
or Zr*t ions, or oxygen vacancies) results in lower
barriers and more stable intermediates in two key
reactions in biomass catalytic conversion: ketonization
of acetic acid (studied on ZrO,) and deoxygenation
of phenol (studied on TiO;). We discuss the role of
Ru nanoparticles in these processes, and in particular
in favouring Hj dissociation and hydrogen spillover,
which results in hydroxylated surfaces. We suggest
that H,O desorption from the hydroxylated surfaces
may be a relevant mechanism for the regeneration of
oxygen vacancies, in particular on low-coordinated
sites of oxide nanoparticles. Finally, we discuss the
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role of nanostructuring in favouring oxide reduction, by discussing the properties of ZrO,
nanoparticles of diameter of about 2 nm.

This article is part of a discussion meeting issue ‘Providing sustainable catalytic solutions
for a rapidly changing world’.

1. Introduction

Lignocellulosic biomass represents an important raw material for the sustainable production of
fuels [1]. The first step of the process consists in the pyrolysis of the lignocellulosic biomass (lignin,
cellulose and hemicellulose), leading to a liquid phase which contains oxygenated organics,
hydrocarbons, water, etc. [2]. The elemental composition of this bio-o0il is about 56% carbon,
6% hydrogen and 40% oxygen; for comparison, a diesel fuel has an elemental composition of
90% carbon, 9% hydrogen and less than 0.3% oxygen. Therefore, in the biomass upgrading, it
is essential to elongate the C-chain length and reduce the oxygen content of the raw material
[3-5]. This can be achieved by means of heterogeneous catalysis processes. For instance, short-
chain carboxylic acids can be condensed into heavier hydrocarbons with the elimination of water
and CO; [3]. Heterogeneous catalysts, such as metal oxides, favour the transformation of the
carboxylic acids to aldehydes or ketones [6,7]. Ketonization is a process where two carboxylic
acids condense to form a ketone, eliminating HyO and CO,. Other condensation processes, such
as aldol reaction or esterification, require the formation of an alcohol or aldehyde. Because of its
importance, the mechanisms of the ketonization reaction have been investigated in detail, with
particular attention paid to the role of the oxide catalyst [8-10]. A further refinement of the biofuel
can occur via another catalytic step, the hydro-deoxygenation (HDO). Phenolic compounds are
one of the abundant and obstinate oxygenates in the pyrolysis oil [11-13]. The reaction has been
the subject of several studies [1-13]. Newman et al. [12] have investigated the selectivity for
HDO of phenol by supported Ru catalysts. When the Ru particles are large (approx. 33 nm),
the phenol molecules interact mainly with the metal particle and not with the oxide, and the
reaction leads to complete hydrogenation (HYD); when Ru particles are highly dispersed (approx.
2nm) on TiO, catalysts, they exhibit high selectivity and reactivity to deoxygenation of phenol
to benzene.

Many catalysts have been studied for these reactions, and Ru nanoparticles supported on
reducible oxides such as TiO; seem to offer the best performance [14]. Although the oxide
catalysts (ZrO,, TiO,, etc.) work also without any pre-treatment, there is evidence that pre-
treatment in Hy atmosphere (oxide reduction) leads to an improved catalytic activity [8,15-17].
Interestingly, also non-reducible oxides, such as zirconia, have been used as a support catalyst
in biomass upgrading [17-24]. Zirconia has been shown to be more effective in ketonization
compared to other oxides widely employed in heterogeneous catalysis, such as ceria, silica or
alumina [21]. Also, the phase of the oxide seems to play an important role. Monoclinic and
tetragonal ZrO,, for instance, exhibit a similar activity, not different from that of anatase TiO»,
while rutile TiO; is much less active [10].

These results raise some interesting questions for electronic structure theory. The first, obvious,
one is why the pre-treatment in hydrogen of the catalyst results in improved conversion rates.
There are several possible explanations, such as the generation of morphological changes on the
surface or the presence of exposed Ti®* or Zr** ions after treatment in hydrogen. According
to other studies, the presence of oxygen vacancies has a beneficial effect, for instance in the
ketonization of stearic acid [17]. To answer this question, we recently performed a systematic
study of two reactions, the ketonization of acetic acid [25], and the HDO of phenol [26], on two
catalysts consisting of tetragonal ZrO, (ketonization) [25], and Ru nanoparticles supported on
anatase TiO, (HDO) [26]. In particular, we have compared the energy profiles for the two reactions
on stoichiometric and reduced surfaces, assuming a low coverage of adsorbates on the surface.
The results clearly show the beneficial role of the oxide reduction.
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There are other open questions for theory in this topic, such as the nature of the active sites
that are formed during the reduction process, the role of the supported nanoparticle, and how
the treatment in hydrogen modifies the nature of the surface. This has been investigated in a
series of sequential steps. First, we considered the effect of deposition of a Ru nanoparticle on
the surface of a-TiO,(101) or t-ZrO,(101) surfaces [27]. There are cases where metal deposition
on an oxide surface results in a direct electron transfer from the metal to the oxide, which
becomes reduced by simple contact with the metal [28]. However, we will show that this is
not the case for Ru on the two oxides under consideration. Then, we have studied the effect of
exposing a Ru/TiO; or a Ru/ZrO; catalyst to Hp, in order to study whether hydrogen dissociation
occurs, and how hydrogen adsorption modifies the electronic structure of the oxide [29]. In this
study, particular attention has been given to the progressive increase in hydrogen loading, until
saturation coverage is reached. The results elucidate how, in the presence of a supported metal
particle (Ru in this case), exposure to hydrogen leads to a hydroxylated surface. The next step has
been to consider water desorption from the hydroxylated surface, with the formation of oxygen
vacancy. This is a key step for the catalytic generation of oxygen vacancies, which is necessary to
produce a significant change in the activity of the catalyst.

The last aspect to be addressed by theory is the difference between titania and zirconia as
supports for the reaction. While TiO, is a reducible oxide, with relatively low formation energy
of oxygen vacancies, zirconia is hardly reducible, with high oxygen vacancy formation energies
[30]. On this basis, one should expect a rather different behaviour of the two oxides. In this
context, we have examined the reducibility of zirconia as a function of nanostructuring [31,32].
We have studied the cost of removing oxygen, or the effect of adding hydrogen, as a function of
the dimension of zirconia nanoparticles. The results show the existence of a very important effect
of nanostructuring on the final properties of the oxide support.

The paper is organized as follows. In §2, we give the essential information about the
calculations performed. Section 3 shows how the presence of reduced centres on the surface of
titania or zirconia (either Ti** or Zr3* ions or oxygen vacancies) results in lower barriers and
stable intermediates in two key reactions in biomass catalytic conversion: ketonization (studied
on ZrO,) and phenol deoxygenation (studied on Ru/TiO;). Having established the positive role
of oxide reduction in two key catalytic processes, in §4 we address the mechanisms that can lead
to surface reduction. In §4a, we discuss the role of depositing a small Ru cluster on the surfaces of
a-TiO; and t-ZrOy; in §4b, we consider the role of pre-treatment in Hy, from hydrogen dissociation
to hydrogen spillover and reverse spillover; in §4c, we discuss reduction by H,O desorption
from a hydroxylated surface. Section 5 is dedicated to analyse the role of nanostructuring, and is
restricted to results obtained on ZrO,. We first consider the cost of formation of oxygen vacancies,
§5a, and then the mechanism of Hy dissociation, §5b, on zirconia nanoparticles. Finally, some
general conclusions are summarized in §6.

2. Computational details

All the calculations have been performed with the VASP 5.3 simulation package [33]. The
electronic structure is calculated using the PBE (Perdew—Burke-Ernzerhof) exchange—correlation
functional [34]. To improve the description of the electronic structure of titania and zirconia,
partial occupations of Ti and Zr d orbitals are penalized by a Hubbard parameter, which
has been empirically set to 3eV for Ti and 4eV for Zr (generalized gradient approximation
GGA +U approach) [35,36]. The long-range dispersion interactions are added according to the
density functional theory DFT + D2’ semi-empirical approach. This scheme slightly modifies
the original parametrization proposed in the DFT + D2 method by Grimme [37]. As recently
shown [38], this approach provides reasonably accurate results in describing oxide surfaces
when compared with more complex and resource-intensive methods, such as the van der Waals
density functionals.

Valence electrons, i.e. H(1s), C and O(2s, 2p), Ti(3s, 4s, 3p, 3d) and Zr(4s, 5s, 4p, 4d), are
expanded on a set of plane waves with a kinetic cut-off of 400 eV, while core regions are treated
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with pseudo-potentials, as encoded in the projector augmented wave approach [39,40]. Further
details can be found in refs. [25-27,29,31,32].

3. Effect of oxide pre-reduction on reactivity

(a) Ketonization on Zr0,

Metal oxides are commonly used to catalyse the transformation of the carboxylic acids to
aldehydes or ketones [6-16]. A stepwise mechanism implying the formation of a B-keto acid
intermediate [21,41] is considered as dominating in the ketonization reaction. The elementary
steps of the mechanism, «-hydrogen abstraction and C-C coupling, are depicted in figure 1. These
are followed by C-C scission with CO; formation and enolate HYD to form acetone (not shown).
In step (a), an acetic acid molecule is adsorbed on zirconia, forming an acetate ion and a hydroxyl
group grafted on the surface. The adsorbed acetate ion is further subjected to the enolization
reaction (step (b1)), where a proton from the methyl group is transferred to the surface, forming
a hydroxyl and a 1,1-ene-diolate species (intermediate 1). Alternatively (step (b2)), the acetate
molecule undergoes deoxygenation, forming an acyl species (intermediate 2) and an OH™ group
bound to a surface cation. In step (c), the enolate and acyl intermediates 1 and 2, respectively,
combine to form a (3-keto acid ion, namely the 3-oxo-butyrate in the case of acetic acid reaction.

The ketonization of carboxylic acids on anatase and rutile TiO; and monoclinic and tetragonal
ZrO; has been considered recently in a very detailed and extended theoretical-experimental
study by Wang and Iglesia [10]. The main conclusion of this work is that ketonization turnover
rates are much higher on m-ZrO,, t-ZrO; and a-TiO, than on r-TiOy; the reason lies in the
particular cation—cation distances that stabilize the bidentate bonding mode of acetate compared
to the monodentate species. At very high coverages, in fact, the less stable monodentate acetate
ion becomes the key reactive intermediate, while the more stable bidentate molecules only act
as spectators [10]. In this work, it was also shown that pre-treatment in Hj of a-TiO; at 543K
did not result in changes in ketonization rates, indicating that either reduced centres do not form
during the treatment or that they do not play a role in the reaction. This is different from what was
reported by Pham et al., who showed that the ketonization activity increases with a reductive pre-
treatment of a Ru/TiO; catalyst, and it drops when the reduced catalyst is exposed to O; before
the reaction [8,15]. This could be interpreted as an essential role of the supported metal particle
in the reduction process, consistent with the results presented here about hydrogen spillover
(see below). It is also possible that the role of reduced centres is important at low coverages
of carboxylic acids, while at high coverage geometrical effects dominate over electronic effects
associated with reduction.

The reaction path has been analysed by means of DFT+ U calculations, comparing the
properties of defect-free and defect-rich ZrO,(101) (reduced) surfaces [25]. Reduced centres on the
zirconia supports are modelled by considering (a) hydrogenated surfaces or (b) oxygen-deficient
surfaces, ZrO,_,. There is a substantial difference between these two situations. On reducible
oxides, treatment in hydrogen results in an adsorbed proton (OH group) and an excess electron
that reduces a M** ion to M3+ without implying a change in the morphology of the surface
(except for the appearance of the OH group). Oxygen removal, on the other hand, results in both
a morphological defect (oxygen vacancy) and an electronic modification due to the formation
of trapped electrons. While these two situations can be distinguished by theory, they are more
difficult to access experimentally.

For the calculations, a single acetic acid molecule has been considered, thus modelling low-
coverage situations. The results show that on non-reduced t-ZrO;, the reaction of the acetate ion to
give the enolate intermediate is hindered by rather large activation energy, similar to that reported
for the same reaction on monoclinic zirconia at the PBE level [42]. On the stoichiometric surface,
the deoxygenation of the acetate fragment is even more unfavourable, because the acylium
cationic intermediate is unstable and tends to abstract one oxygen ion from the surface, reforming
acetate. In short, the regular surface appears as only moderately active or even inactive.
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Figure 1. Ketonization on the zirconia surface: (a) adsorption of acetic acid, (b1) formation of the enolate intermediate 1,
(b2) formation of the acyl intermediate 2, and (c) reaction of acyl and enolate to form the (3-keto acid. Reproduced from
ref. [25]. Copyright © 2016 Elsevier.

Completely different is the behaviour of the reduced surface. If the reduction occurs by
H addition (see below) one can assume the formation of an OH group and a Zr** ion. The
electron associated with this reduced centre is easily transferred to the acetate ion during the
deoxygenation reaction, forming an acyl radical, which easily reacts with the enolate fragment to
form the B-keto acid. This shows that exposed Zr3* ions, if present, can be extremely beneficial for
the ketonization reaction. Also the presence of a surface oxygen vacancy has a strong impact on
the keto—eno tautomeric equilibrium, where the enolate species is strongly stabilized with respect
to the acetate fragment. The kinetic barrier is considerably smaller compared to stoichiometric
zirconia. Similarly, in the deoxygenation step, one also observes a remarkable stabilization of the
reaction intermediate in the form of an anionic acyl species. The combination of enolate and acyl
ions to form the B-keto acid is therefore easier than on the stoichiometric surface. These results
clearly show the beneficial role of zirconia surface reduction for the low-coverage ketonization
reaction.

Clearly, in a catalytic process, the reactive centres need to be regenerated in the course of
the reaction. Zr®* centres can be created by the initial pre-treatment of the catalyst in hydrogen
and can be regenerated after the reactants have transformed into products. More complex is the
regeneration of oxygen vacancies. One possible scenario is that they are produced thanks to the
presence of water (in humid environment the catalyst surface is hydroxylated). The calculations
show that at the temperatures of the reaction, around 600K, water can start to desorb from the
surface, leaving behind oxygen vacancies, in particular corresponding to low-coordinated sites.
This will be further discussed in §4c.

In summary, the calculations show that, while it is not essential to reduce the zirconia surface
(the reaction can occur also on stoichiometric surfaces), pre-reduction has the overall effect of
lowering the barriers and stabilizing some key intermediates, making the reaction easier [25], at
least in the limit of low coverage of adsorbed species.

900£L07 :9L€ ¥ 205y 'supi 1144 BioBusygndiraposieforerss



0 020
TSI Hio
-1 1.67 "I\‘ Les o2 1.63
~1.67 - 1. P —1.
d M1 N 217
2 AE=1.19  AE=041 ">

3 CH.OH H—C)}:é\—ﬂ. w),:g\_H
g f”% é‘” Foy E

H* T H* He
Ruw ) Rum ) | R'-'Jo Ruyo Ruyo Ruy,

/ ! |

’WW‘W%W‘%@

reaction coordinate =

adsorption energy (eV)

Figure 2. Reaction of phenol (CsHsOH) on anatase (101) surface with one H adsorbed on Ru;g and one H adsorbed on the oxide
(T+ centre). Energies in eV. Reproduced from ref. [26]. Copyright © 2016 John Wiley and Sons. (Online version in colour.)

(b) Direct deoxygenation on Ti0;

The HDO mechanism of phenol is a relevant step in the treatment of biomass to generate
biofuels [11-13]. It can occur according to two main pathways: (i) HYD followed by dehydration;
and (ii) direct deoxygenation (DDO). Our scope is to compare the reactivity of phenol adsorbed
on Rujg clusters deposited on stoichiometric and reduced anatase TiO,(101) surfaces. We have
restricted our analysis to the DDO reaction and we concentrate on the interface region between the
oxide and the metal particle. In particular, we have studied the DDO of phenol via breaking of the
C-OH bond and oxygen removal. The assumption is that Ru nanoparticles of size below 1-2nm
are present on the surface. In fact, the surface of large Ru particles is very active and leads to C-
OH bond scission with similar and even lower energy barriers [12]. In this case, it is assumed that,
in the presence of hydrogen, the reaction proceeds towards full HYD. In analogy with the study
of ZrO, in the ketonization process, see above, three different forms of anatase TiO, have been
considered: (i) the ideal stoichiometric (101) surface; (ii) the same surface reduced by H addition
and formation of Ti* radical ions; and (iii) the surface with one O vacancy and two Ti3* centres.

We found that on the surface reduced by hydrogen addition (Ti** ions), the phenol molecular
and dissociative adsorptions (CgHs+ OH fragments) become isoenergetic, and the barrier to
dissociate the C-OH bond is 1.19 eV, indicating a possible channel for deoxygenation of phenol,
figure 2.

On the surface reduced by O vacancies, the dissociative adsorption is 0.22 eV more stable than
the molecular adsorption, indicating a thermodynamically slightly favourable process; the C-OH
activation energy, however, is higher, 1.50 eV. The results show that the C-O scission can be an
important step towards DDO. The final step, benzene desorption, costs about 1.4eV, an energy
which is similar to the barrier implied in the O removal from the phenol molecule. In both cases,
the role of the reduced surface is important as well as that of the metal/oxide interface. In this
respect, the DFT calculations are consistent with the mechanism of deoxygenation of phenol on
Ru/TiO, proposed by Newman ef al. [12].

4, Mechanisms of surface reduction

In figure 3, we report the density of states (DOS) curves of a-TiO,(101) and t-ZrO,(101) surfaces.
The TiO; surface displays a band gap of 2.6 eV; the bulk value, 2.4 eV, is underestimated with
respect to the experiment, 3.2eV. The band gap of the t-ZrO,(101) surface (3.8eV) is smaller
than that calculated for the bulk (4.5eV; electron energy loss spectroscopy gives 4.2eV [43]
while vacuum ultraviolet absorption spectroscopy measurements give values between 5.8 and
6.6eV [14]). The alignment of the energy levels with respect to vacuum, figure 3, allows one to
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Figure 3. Total and projected DOS of (101) surfaces of (a) a-Ti0, and (b) t-Zr0;. Energies with respect to the vacuum level set to
zero. Reproduced from ref. [27]. Copyright © 2014 American Chemical Society.

directly compare the positions of the bands of the two surfaces. This is important information
to rationalize the behaviour of supported metal particles on the two oxides. The edges of both
occupied and virtual states of TiO; lie at lower energy compared to those of ZrO,. The top of the
valence band (VB) in a-TiO(101) is calculated at —7.3 eV, while it is at —6.6eV eV in t-ZrO,(101).
The bottom of the conduction band (CB) on a-TiO,(101) is at —4.7 eV, whereas in t-ZrO;(101) it is
at —2.8 eV [27]. These results are consistent with TiO, being easier to reduce (lower CB minimum)
and harder to oxidize (lower VB maximum) than ZrO;.

(a) Deposition of Ru clusters

It has been found experimentally that the ketonization rate can be enhanced by adding metal
particles, such as Ru, on the surface of the oxide catalyst [14-16]. The role of the metal in
enhancing the activity of the catalyst is still a matter of debate. It has been suggested that the
addition of Ru helps to enhance the reducibility of TiO, and that this should result in the easier
formation of coordinatively unsaturated Ti3* sites [14]. A similar effect has been suggested for
ZrO; due to the presence of Zr3* ions [44,45]. The problem has been investigated by studying the
adsorption of Ruy (atoms) and Rujg (clusters) on the most stable (101) surfaces of both TiO, and
ZrO; oxides to identify the nature of the interaction of the metal with the support and to compare
the behaviour of the two oxides [27].

The theoretical study of metal clusters on a supporting oxide surface is complicated by the
presence of several minima. We used a model consisting of a Rujo(7,3) two-layer cluster. This
structure has a larger metal-oxide interface (seven atoms), that favours the adhesion of the
cluster to the support, and a second layer of three metal atoms exposed to the vacuum region.
A 10-atom cluster is small enough to belong to the so-called non-scalable regime of properties,
where quantum size effects play an important role. In this respect, the results have qualitative
more than quantitative character. The Ruyo(7,3) cluster has been optimized both in the gas phase
and on a-TiO7(101) and t-ZrO,(101) supports.

On a-TiO7 Ruyp(7,3) is bound on Og, sites (Eyqs = —5.99 V). A more stable isomer is strongly
distorted and classified as Rujg(6,4), with E g3 = —6.94 €V, table 1. The Bader charge of both Rujg
clusters is 1.2-1.3 |e|, suggesting the occurrence of an electron polarization from Rujg to the TiO;
surface, consistent with previous work [46,47]. However, no evidence of the formation of Tid+
ions is found even after artificial distortion of the lattice to favour the formation of the small
polaron around the Ti>* centre. This clearly indicates that the Ruyg cluster is bound to TiO, mainly
via Ru-O covalent polar bonds without the occurrence of a net charge transfer. In this respect,
Rujg does not induce a reduction of the oxide surface. Things are completely different when, for
instance, an alkali metal is deposited on the surface, as this clearly results in the formation of
reduced Ti** ions [48].
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Figure 4. Left: Ruy, cluster adsorption on a-Ti0,(101). Right: Ruyg cluster adsorption on t-Zr0,(101). (Online version in colour.)

Table 1. Adsorption energy, Fag, number of unpaired electrons, N, —Ng, and Bader charge, g, of Ruy adsorbed on
stoichiometric a-Ti0,(101) and t-Zr0,(101) surfaces.

q (Ruy)

supercell le]

a-Ti0, TigoOp0/Ruso(7,3) . . . +1.18
TigoOrao/Runo (6,4) —6.94 28 03 +128
t-ZI’OZ Zr500120/Ru10 —8.49 +1.9, —0.1 0.0 +0.28

A similar procedure has been followed for Rujg on t-ZrO;. The central Ru atom in the bottom
layer of Rujg has been placed on the top of O or on the top of Zr, with the former clearly more
stable. The adsorption energy of Rujg on the top of O, —8.49 eV, is considerably higher than that
of the corresponding isomer on a-TiO, (—=5.99eV), table 1.

A major structural rearrangement occurs on the ZrO, surface upon deposition of Rujg,
at variance with anatase. The O3, atom below the cluster moves down, figure 4; this local
rearrangement results in an almost undistorted Rujg cluster compared to the gas-phase isomer,
figure 4. The strain at the metal-oxide surface is distributed on the oxide and not on the metal.
The Bader charge on the entire cluster is much smaller than in the TiO; case, 0.28 |e| (table 1), and
there is no evidence of formation of Zr®* ions, indicating that there is no direct reduction of the
oxide surface by deposition of Ruyg.

The main objective of this part of the investigation is to verify if a Ru nanoparticle deposited on
the oxide surface induces a net charge transfer, with consequent reduction of the oxide, as found
for other systems, such as Ag nanoparticles deposited on CeO, [49]. The results, however, rule
out this possibility. For ZrO;, we have no evidence of the formation of Zr3t jons when Ru atoms
or clusters are deposited on the surface. This is consistent with the fact that TiO is more reducible
than ZrO,. However, the general conclusion is that direct reduction of the TiO; or ZrO; supports
does not occur by simple deposition of the Ru metal.

We have also considered an alternative process, reduction of the oxide by the effect of an
oxygen reverse spillover. In fact, in the presence of a metal nanoparticle, O atoms may diffuse
from the oxide surface to the metal, leaving behind an oxygen vacancy, with consequent reduction
of the oxide. This is the initial step of what is often referred to as strong metal-support interaction.
The thermodynamic cost to displace an O atom from the (101) surface of TiO, and ZrO, in the
presence of a Ru nanoparticle has been estimated: it is very small, about 0.2eV, on TiO;, and
moderate, about 0.6eV, on ZrO,. On the regular zirconia surface the process is associated with
a rather high barrier. Moving an O atom from the Ru/ZrO; interface to the first layer of the
Rujg cluster costs 1.74eV. Smaller barriers, of 0.3 eV, are required for the O atom to diffuse to
the most stable adsorption site on the top layer of the Rujg cluster. In general, the formation of
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O vacancies on oxide surfaces is lower on steps, edges and other defects, which are particularly
abundant on oxide nanoparticles [50,51]. A reduction of the formation energy of the O vacancy
by about 0.5eV on a low-coordinated site would result in an exothermic O reverse spillover on
TiO, and an almost thermoneutral process on ZrO,. In this respect, the oxygen reverse spillover
is a mechanism of potential interest for the reduction of the oxide surface in reducing conditions.
However, the barriers for oxygen migration are relatively high and they may hinder the process
kinetically.

(b) Hydrogen spillover

Hydrogen pre-treatment results in an increased activity of oxide catalysts such as TiO; and ZrO,
for the production of biofuels from cellulose-based biomass [8,15-17]. Hydrogen spillover occurs
from metal particles (Ru in our case) to the supporting oxide surface (TiO, or ZrO;):

H; + Ru/MO; + 203, — 2H/Ru/MO; + 20315, — Ru/MO; + 20Hy +2¢~  (41)

For a long time, the assumption has been that hydrogen spillover does not take place on non-
reducible oxides, and the question has been highly debated [52]. A recent experiment provides
a convincing answer [53]. Comparing Pt nanoparticles on TiO; (reducible) and Al,O3 (non-
reducible) supports, it has been demonstrated that hydrogen spillover occurs on both surfaces
but with different efficiencies. On alumina the process is 10 orders of magnitude slower than on
titania and is restricted to very short distances from the supported Pt particles.

The spontaneous occurrence of the opposite phenomenon, i.e. hydrogen reverse spillover, is
also possible [54-57]. In this case, the hydrogen atom from an OH group of the oxide surface
migrates to the supported metal particle. Under operating conditions, the occurrence of the
direct or reverse hydrogen spillover depends on the hydrogen partial pressure. By changing this
parameter, one changes the hydrogen chemical potential and the direction of the equilibrium.

If direct hydrogen spillover occurs, with migration of hydrogen from the metal particle to the
oxide, then the final situation is formally analogous to the direct adsorption of Hy on the oxide
surface. When two H atoms are added to the bare MO, surface (M = Ti or Zr), they form hydroxyl
groups:

Hj + 2030, +2Myfo, — 20Hyo +2Myjo (4.2)

The electron associated with atomic H is transferred to a metal cation, which changes its
oxidation state from M*t to M3+ (oxide reduction [58]). This opens the question about the nature
of the species that diffuses from the metal particle: a neutral H with its valence electron, or a
proton? In the first case one electron is transferred from the metal particle to the oxide, with
its consequent reduction; in the second case the electron remains on the metal, which carries a
negative charge, and no direct reduction of the oxide occurs. We have compared the process for
Ru clusters supported on TiO; and ZrO,.

Neither TiO, nor ZrO, surfaces are able to spontaneously split the Hy molecule with the
formation of two surface OH groups and two electrons (homolytic dissociation). On titania the
cost is rather small, 0.13 eV, while on zirconia it is much higher, 1.69 eV. On ZrO,, the formation of
an isolated surface OH group by H atom adsorption has a cost of 0.79 eV, computed with respect
to ¥%H,. This is not exactly half the energy of adsorbing an Hy molecule due to some mutual
repulsion phenomena on the surface. The formation of a hydroxyl group is accompanied by a
transfer of the H valence electron to a Ti 3d or Zr 4d empty state at the bottom of the oxide CB.
Since the CB in ZrO; is higher than in TiO; (see §4), the process is less favourable. Indeed, on ZrO;
the most stable dissociation state of Hj is not homolytic (formation of two OH groups and two
Zr3t ions), but heterolytic, with the formation of a proton, H*, bound to a surface O?~ atom (OH
group), and a hydride ion, H™, bound to a Zr4t cation. This is typical of non-reducible oxides,
like MgO [59].

As mentioned above, the homolytic mechanism implies an electron transfer from the hydrogen
molecule to the Zr 4d empty states. It is worth noting that the energetics associated with this
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process strongly depend on the adopted computational scheme. With bare PBE, for instance,
the energy necessary for the homolytic splitting drops from +1.69eV to +0.64eV. The reason
is that the PBE method severely underestimates the band gap of zirconia, which reflects also in an
underestimation of the energy necessary to create Zr3* centres.

A comparison of the adsorption of an H atom on either the O sites of TiO, or ZrO;, or the
Ru sites of the cluster, shows unambiguously that this latter is the preferred situation. H adsorbs
preferentially on Ruyg, forming strong Ru-H bonds with hydride character. A spontaneous, non-
activated, dissociation of the Hy molecule occurs on the Ru cluster whose role is to split hydrogen
and to bind a large amount of H atoms. Up to three H atoms can be added per Ru atom in the
cluster, with an overall exothermic reaction, figure 5, in agreement with other estimates (e.g. for
H on Pt [60]). This clearly shows that the role of the Ruyg cluster is to split the H, molecule in
a barrierless process and to generate isolated H atoms that can diffuse to the oxide surface once
saturation coverage on the cluster has been reached, figure 5.

In fact, direct spillover of hydrogen from the Ru particle to the oxide surface is unfavourable
at low hydrogen coverage. Two H atoms on the Ru cluster are 0.3-0.4eV more stable than one
H atom on the metal and the other on the oxide. The cost to displace H from Ru to the oxide,
however, decreases gradually as more hydrogen is adsorbed on the metal cluster. At a coverage
of about 30 H atoms on Rujo/TiO;, it becomes thermodynamically favourable to move one H
from the metal to the oxide. On zirconia the situation is similar, but the effect appears already for
a coverage of 24 H atoms. We also estimated the barrier for the diffusion of an H atom from the
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metal particle to the TiO, surface. This is about 0.4 eV, very close to that reported recently for the
same process in a different study, 0.45eV [53].

Previous studies on hydrogen diffusion on the anatase TiO»(101) surface have shown that
hydrogen preferentially diffuses into the bulk compared to the surface, and that the smallest
barrier for surface-to-bulk diffusion is of about 0.7 eV [53,61]. Our calculations indicate a barrier
for surface diffusion of about 0.7eV (see below). Thus, the barrier for H diffusion on the
titania surface is higher than that required to diffuse an H atom from the Ru cluster to the
oxide surface.

From an electronic point of view, the addition of a single H atom to TiO, or ZrO; leads to
the reduction of the two oxides with the formation of Ti** 3d! and Zr3* 4d! centres. This gives
rise to localized electrons in the material. The occurrence of a chemical reduction of the oxide
by hydrogen addition or by hydrogen spillover is clearly shown by the net atomic charges. In
particular, when an H atom migrates from the Ruyg particle to TiO; or ZrO,, the nuclear motion
is accompanied by a charge flow from the metal to the oxide. Note, however, that things are
different on the bare surface of zirconia when more than one H is adsorbed. In this case, in
fact, the preferred situation is that corresponding to the formation of a proton and a hydride
ion (heterolytic mechanism). This is because a hydride ion bound to Zr** has its levels at lower
energy than the Zr 4d states.

These theoretical results shed light at the atomistic level on the mechanism of hydrogen
spillover and are fully consistent with experimental observations. For instance, Panayotov and
Yates [62] demonstrated in a study of hydrogen spillover on Au/TiO;, that the rate of spillover
is proportional to P11{/22’ indicating that the H atoms originate from the equilibrium dissociative
adsorption of Hy on the Au particle. Furthermore, the diffusion of H atoms into the oxide is
accompanied by the formation of trapped electrons in shallow trap states near the bottom of the
CB edge [62]. Also the recent experimental-theoretical work of Karim et al. [53] is fully consistent
with the present conclusions.

(c) Water desorption from hydroxylated surfaces

The cost of formation of an oxygen vacancy on the surface of t-ZrO, (computed with respect to
1503) is about 6 eV [31]; this value does not change significantly if one considers low-coordinated
O atoms at steps [31]. Lower formation energies have been computed for a-TiO, (4.45eV [27]),
in agreement with a more reducible nature of this oxide. O vacancies can also be formed starting
from a hydroxylated surface, and removing H»O. This has been considered for both a-TiO»(101)
and t-ZrO,(101) surfaces.

Let us consider TiO; first. The overall reaction is TiO; + 2H — TiO,_, + H»O. Once the surface
is hydroxylated (see §3b), the two H atoms need to migrate in order to become close to each
other, figure 6. This process has a barrier of about 0.7 eV [61]. By overcoming a second barrier of
0.3 eV, the two H atoms become bound to the same O ion, forming the precursor state for water
dissociation. The removal of a water molecule costs 1.20€V, so that the entire cost to create a
vacancy starting from the hydroxylated TiO, surface is 1.79 eV, figure 6. This is much lower than
that associated with O removal via formation of 0, (4.45eV [27]). Using a Redhead equation
for first-order desorption processes [63,64], AEges = RT ges(In vTges — 3.64), a standard pre-factor
v=108s"1 and a barrier of 1.2 eV, one can conclude that thermal desorption of water is possible
for temperatures around 450K, below the temperatures involved in many catalytic processes,
figure 6. Lower formation energies are expected corresponding to low-coordinated sites present
on oxide nanoparticles.

We consider now the same process on ZrO,, figure 7. The heterolytic splitting of Hj is
slightly exothermic (—0.06eV) (much lower than the energy associated with the homolytic
splitting, +1.69 eV, see above). The formation of an adsorbed water molecule starting from the
hydroxylated surface is highly endothermic (42.47eV) and implies a barrier as large as 3.33 €V,
figure 7. Once the precursor state has been obtained, the water molecule can desorb in the gas
phase with a cost of 1.10eV, similar to TiO; (1.2eV). This process generates a neutral oxygen
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vacancy on the surface of t-ZrO,, figure 7. The final enthalpy cost of O vacancy formation via
water desorption starting from the hydroxylated surface, 3.57 eV, is still very high, but much
lower than that computed for O removal via O, desorption, about 6eV. These values need to
be corrected by entropy contributions. Assuming T =573 K, we obtain a TASg4es contribution of
—0.85eV, which results in a AGges =2.72eV [25]. Again, this cost could be further reduced if one
considers zirconia nanoparticles instead of the regular (101) surface.

5. Oxide reducibility: role of nanostructuring

In this section, we consider a particular aspect of oxide reducibility, related to nanostructuring.
In particular, we will concentrate on a single oxide, zirconia, a poorly reducible material when in
the bulk form. We will consider the effect of generating zirconia nanoparticles on two properties:
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Figure 8. Models of partly truncated octahedral stoichiometric zirconia nanoparticles (Zr0,),. Zr is represented by big blue
atoms and 0 by small red atoms. (Online version in colour.)

Table 2. Formation energies, in eV, of n-coordinated 0, — vacancies of partly truncated octahedral (Zr0, stoichiometric)
zirconia nanoparticles and the (101) surface of t-Zr0,.

corner — 0y corner — 03 facet — 05, inner — 0y,

(i) the cost of oxygen removal (formation of O vacancies) [31]; and (ii) the effect of reducing the
oxide by the addition of H, molecules [32].

(a) Oxygen removal from Zr,0,, nanoparticles

By cleaving t-ZrO, along the O-terminated {101} surfaces, we generated octahedral Zrj9Os;,
Zr440gp and Zrg50169 nanoparticles. These nanoparticles are not stoichiometric; in particular, they
are highly oxygen deficient. To restore the ZrO; stoichiometry, three, four and five Zr corners,
respectively, were cut from the octahedral structures, resulting in the chemically stoichiometric
Zr16032, ZryOgp and ZrgpO160 systems (partly truncated octahedral nanoparticles, figure 8) [31].
The maximum diameters (between nuclei of opposite Zr corner atoms) are 0.90, 1.40 and 1.92 nm;
note that considering atomic radii will result in even larger sizes.

We computed the formation energy of the O vacancies in the nanoparticles, taking %O, as
a reference, table 2. The values are compared to those calculated for the extended t-ZrO,(101)
surface. O vacancies are easier to form corresponding to the low-coordinated Oy and Og, sites,
table 2. We go from the nearly 6 eV required to remove O from the (101) surface, to the 2.62eV
needed to remove a corner Oy atom from ZrgyOj49. On the other hand, the cost to create Oy
vacancies in the inner part of the Zr1¢03; and Zr4Ogp nanoparticles does not change significantly
compared to the O sites with the same coordination in the extended (101) surface; only for
the larger ZrgpO16p particle do the inner Oy vacancies have a much lower formation energy
due to geometry relaxation effects. One can conclude that the surface Oy and Og, sites in the
nanoparticles represent important reactive centres in O-transfer redox reactions; nanostructuring
has a significant effect on the reducibility of zirconia, enhancing its catalytic activity with respect
to the extended surfaces.

(b) Hydrogen addition to Zr,0,, nanoparticles

We have seen above that Hy prefers to dissociate on the regular ZrO,(101) surface through a
heterolytic mechanism in which Zr-H~ and O-H™" bonds are formed. This is the classical Hp
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dissociation mechanism on highly ionic, non-reducible oxides. The reaction is slightly exothermic,
with adsorption energy of —0.06 eV (figure 7). The Hp homolytic splitting mechanism (formation
of two O-H* bonds and reduction of two Zr** centres to Zr>*) is endothermic by +1.69 eV. So,
in the absence of defects, only the heterolytic splitting of Hj is expected to occur on the extended
Zr0,(101) surface.

On the low-coordinated sites of the ZrO,(156) stepped surface, the splitting into H™ and H*
ions (heterolytic) is exothermic by —0.50eV (more favourable compared to the regular terrace,
where the gain is of —0.06eV) [32]. The splitting into two HT ions and the subsequent reduction
of the surface (formation of Zr3* centres) is also more favourable at steps with respect to the
regular terrace, but remains endothermic, with adsorption energy of +1.12eV (figure 7¢). There
is a gain of about 0.6 eV going from the regular surface to the steps, but the heterolytic splitting
remains by far the most favourable one. Thus, large crystallites of zirconia are not reduced by
simple exposure to hydrogen (no direct formation of Zr>* ions).

When the hydrogen molecule is adsorbed on zirconia nanoparticles, a different picture
emerges. We considered next-neighbour corner sites (Zr-O or O-O sites) for the interaction
with Hj, as these centres are expected to be more reactive. In ZrgyO149, both Hy dissociative
mechanisms are exothermic, but the homolytic (reductive) one is the preferred dissociation path
(—1.79eV for homolytic versus —1.05eV for heterolytic, figure 9). This is in contrast to what
is observed on the extended surface. We observed the same behaviour also on the smaller
nanoparticles. On Zr1603; (0.9 nm) the homolytic splitting releases —1.62 eV while the heterolytic
one is exothermic by —0.30eV only. Different is the case of the nanoparticle of intermediate
size, ZrgOgp (1.5nm). This particle has an electronic structure in closer resemblance with the
regular surface. Here, the two dissociation mechanisms are almost isoenergetic, E,qs = —0.69 eV
(heterolytic) and E,g4s = —0.71eV (homolytic) [32]. To discard possible artefacts from the chosen
DFT method, the order of stability of the two processes has been checked for the Zri5O3;
nanoparticle by means of a DFT calculation using the more accurate PBEO hybrid functional, but
the trend does not change.

This is an important result. An opposite behaviour is found in dissociating H when the
extended zirconia surface is compared to zirconia nanoparticles of 2nm in size. This can be
explained with the peculiar electronic structure displayed by the zirconia nanoparticles. The
presence of under-coordinated sites combined with quantum confinement effects introduces low-
lying acceptor states in the band gap (e.g. fig. 4 in ref. [31]) that promote the formation of reduced
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Zr3* centres through a net charge transfer from Hp. That is, nanostructuring makes zirconia a
reducible oxide, at variance with the bulk material.

6. Summary and conclusion

The catalytic conversion of lignocellulosic biomass in biofuels is a complex process consisting of
various steps. The first one, pyrolysis, is followed by other steps where the biomass is upgraded
by elongation of the C-chain and reduction of the oxygen content. Two key processes in this
context are catalysed by metal oxides and consist in the transformation of carboxylic acids
to ketones (ketonization), with the elimination of H,O and CO,, and deoxygenation, where
phenol is transformed into benzene. Two oxides widely used in these processes are titania and
zirconia. Although the oxide catalysts (ZrO;, TiO,, etc.) work also without any pre-treatment,
there is evidence that a pre-treatment in hydrogen, with the reduction of the oxide, increases the
catalytic activity.

The scope of this work is to rationalize the experimental observation of a larger activity of
reducible compared to non-reducible oxides, and to identify the active sites that are generated in
the course of the pre-treatment in hydrogen of the solid catalyst. To this end, we have performed
extensive density functional theory calculations using the DFT + U approach to take into account
the semiconductor/insulator nature of the oxides under investigation, TiO; and ZrO,; we also
included dispersion forces that are essential when organic molecules interact with a solid surface.
Starting from the fact that the actual catalyst, at least at the laboratory scale, consists of Ru
nanoparticles deposited on titania or zirconia, we have considered models of Ru aggregates
supported on the (101) surfaces of anatase TiO; and tetragonal ZrO;.

The first step consisted in the study of the two key processes in the upgrade of bio-oil:
ketonization and DDO. In both cases, the behaviour of stoichiometric a-TiO; and t-ZrO, surfaces
has been compared with that of the corresponding reduced counterparts, a-TiOp_y and t-ZrO;_.
Ketonization of acetic acid has been considered on the surface of ZrO,, while deoxygenation
of phenol has been studied on Ru/TiO,. In both cases, we found evidence that the presence of
Zr3* or Ti** ions or of oxygen vacancies leads to lower reaction barriers or the stabilization of
intermediates that have little or no stability on the stoichiometric surfaces.

Having established at a theoretical level that the reduction of the oxide enhances the activity of
the catalyst, we have concentrated our attention on the mechanisms that can lead to a modification
of the surface by chemical reduction. First, we demonstrated that the simple deposition of small
Ru clusters on the surfaces of a-TiO; and t-ZrO; does not alter the electronic structure of the oxide.
Despite some charge flow at the interface between the metal particle and the oxide (in particular
for titania), there is no evidence of formation of reduced Ti®>* or Zr®* centres. This is different
from other metal-oxide interfaces, where the simple deposition of the metal results in a reduction
of the support [28]. However, we have also shown that the presence of the metal particle favours
the occurrence of the so-called oxygen reverse spillover. This consists in the migration of O atoms
from the metal-oxide interface to the metal particle, with the formation of an oxygen vacancy and
an adsorbed O atom on the metal cluster. This elementary process is the first step in the formation
of an oxide overlayer on the top of the supported metal particle, sometimes referred to as ‘strong
metal support interaction’. According to our calculations, this process occurs with a very low
thermodynamic cost and is more favourable on TiO; than on ZrO5.

In the next step, we have considered the role of pre-treatment in Hy. Hy does not dissociate
on the surfaces of titania and zirconia. Furthermore, the process leads to different products:
homolytic dissociation with the formation of two protons and two Ti** ions on titania (reducible
oxide); and heterolytic dissociation with the formation of a proton adsorbed on O and a hydride
ion adsorbed on Zr on zirconia (non-reducible oxide). The role of the supported metal particle,
a Ruyg cluster in our case, is to split hydrogen in a non-activated exothermic process, leading to
a hydrogenated Ru particle. The results show that at low hydrogen coverage the H atoms prefer
to bind to the Ru particle, and do not diffuse to the oxide surface. Hydrogen spillover to the
oxide only occurs after saturation coverage is reached, a limit where up to three H atoms per

OGS 05y i i SR



Ru atom are adsorbed on the metal particle. The interesting aspect is that the species diffusing
from the cluster to the oxide is a proton, but the associated electron follows this migration,
leading to the final reduction of the oxide surface by hydrogen spillover (at least in the case
of titania).

At this point, the surface becomes hydroxylated, with several OH groups present per surface
unit. At the temperature usually adopted for biomass conversion, ~5-600K, water desorption
can take place from the oxide surface, leaving behind the more reactive oxygen vacancy defect
centres. This process is thermodynamically easier on titania than on zirconia, but the formation
of vacancies corresponding to low-coordinated sites can occur at rather mild conditions even for
zirconia.

This leads to the last aspect that we examined, the role of oxide nanostructuring. This analysis
has been restricted to zirconia. In particular, zirconia nanoparticles containing up to 240 atoms
(ZrgpO160) have been studied in two processes: (i) reduction of the nanoparticles via oxygen
vacancy formation by desorption of O;; and (ii) reduction of the nanoparticles via Hy addition. In
the first case, the results show that, while the creation of an oxygen vacancy at the surface of ZrO,
is energetically very unfavourable (the cost is the same as in the bulk), low-coordinated O atoms
at exposed sites of the nanoparticles are much easier to remove. Even more surprising are the
results for H, treatment. While on the zirconia surface H, can only dissociate heterolytically, with
the formation of Ht and H™ ions and no reduction of the surface (no formation of Zr>* centres),
on ZrO; nanoparticles the dissociation becomes exothermic and, more important, homolytic, with
the formation of two protons and two trapped electrons in 4d states of Zr ions (formation of Zr3*).
In this respect, the zirconia nanoparticles behave as bulk titania, turning the non-reducible ZrO,
into a reducible oxide.

Overall, the study provides an atomistic view of the processes of oxide reduction and a
rationalization of the importance of generating reduced oxide surfaces in two technologically
important reactions such as ketonization and DDO. The general concepts and notions reported,
however, are applicable to any class of reactions where oxide surfaces are involved and where the
reducibility of the support plays an active role in the reaction.
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